lated only for the three studies which compared at least two different frailty status groups. Gait speed shows the highest effect size to discriminate between frailty subgroups, in particular during habitual walking (d = 0.76-6.17). Gait variability also discriminates between different frailty status groups in particular during fast walking. Prominent parameters related to prefrailty are reduced cadence (d = 1.43) and increased step width variability (d = 0.64), whereas frailty (vs. prefrail status) is characterized by reduced step length during habitual walking (d = 1.32) and increased double support during fast walking (d = 0.78). Interestingly, one study suggested that dual-task walking speed can be used to predict prospective frailty development. Conclusion: Gait characteristics in people with frailty are insufficiently analyzed in the literature and represent a major area for innovation. Despite the paucity of work, current results suggest that parameters beyond speed could be helpful in identifying different categories of frailty. Increased gait variability might reflect a multisystem reduction and may be useful in identifying frailty. In addition, a demanding task such as fast walking or adding a cognitive distractor might enhance the sensitivity and specificity of frailty risk prediction and classification, and is recommended for frailty assessment using gait analysis.
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Introduction
The concept of 'frailty' is used to identify older adults at high risk of death, disability, and institutionalization [1, 2] . Frailty is characterized by low physiological reserves and vulnerability to illness and other stressors [1] . Based on recent estimates, 10% of community-dwelling older persons are frail and another 41.6% are prefrail, with increasing prevalence with age. Frail elders account for the highest healthcare costs in industrialized nations [3] .
The five Cardiovascular Health Study (CHS) frailty index criteria (slow gait speed, low physical activity, unintentional weight loss, exhaustion, and muscle weakness [1] ) are the most established for defining individuals as prefrail or frail. Among these criteria, gait speed has been reported as one of the strongest to predict adverse outcomes, such as mobility disability, falls, or hospitalization [4] [5] [6] . Despite this fact, gait analysis has not been used in routine assessment of frailty status. In particular, little is known about the association between gait parameters other than gait speed and categorical frailty status. Combining various spatiotemporal parameters of gait may enhance the sensitivity and specificity of frailty risk prediction and classification.
Advances in technology during the last decade have provided investigators and clinicians low-cost tools for measuring not only speed but other gait variables with high validity and practicability in research, clinical, and home settings [7, 8] . However, a precondition for the use of this technology for routine clinical assessment is a proper understanding of the relationship between gait parameters and frailty [9] [10] [11] [12] . Acquiring more information about gait in older adults defined as frail has been repeatedly requested [9] [10] [11] , and would enhance our understanding of ambulation patterns in this vulnerable population. Moreover, this information can serve as reference for follow-up studies.
The aim of the present review is to: (1) summarize current definitions, protocols, and technologies used for gait assessment in frail and prefrail populations, (2) study the relationship between categorical frailty status and gait characteristics, and (3) explore potential added value for using dual-task gait assessment for identification of frailty. The knowledge gained from this systematic review will inform clinicians about the potential application of gait assessment for prediction or evaluation of frailty status in their patients. It will also help inform researchers and engineers about the current shortcomings in the field and guide the development of different avenues for translating innovation in technology to routine clinical application relevant to frailty diagnosis and management.
Methods
Initial search terms were compiled and iteratively refined by content experts in the fields of library science, geriatrics, and gait and mobility. . Search strategies applied in the other databases were derived from the PubMed search. The database search was conducted without using language restrictions and limited to articles with publication dates up to 08/2012. Reference lists of relevant articles were subsequently hand-searched to identify additional papers.
Inclusion criteria were (1) population: individuals defined as frail, prefrail, or transitioning to frail by using a referenced definition, and (2) type of outcome measures: quantitative analysis of gait variables (e.g. speed, stride length, and variability) using biomechanical methods for assessment (e.g. electronic walkways, body-worn sensors, camera systems). Studies that only used a stopwatch for assessment were excluded.
Study selection was performed by two independent reviewers (M.S., C.H.). In case of disagreements, the articles were discussed with the other authors. Titles and abstracts of retrieved references were screened for inclusion and full texts of potential articles were further analyzed to determine if they met inclusion criteria. Case reports, letters, and systematic reviews were excluded. After inclusion, the study characteristics, research goals and mean findings with respect to gait were summarized. Articles were judged on methodological issues concerning complete description of population, frailty definition used, inclusion criteria, and protocols used for gait assessment. Spatiotemporal parameters were extracted from the studies in order to compare gait characteristics of individuals with different levels of frailty. For studies that reported gait variables for different frailty status groups (i.e. nonfrail, prefrail, frail), effect sizes (Cohen's d [8] ) were calculated for the ability of parameters to discriminate between these groups. Larger effect sizes suggest better discriminative validity.
Results
We found 2,012 articles through database searching. After removing duplicates and applying our inclusion criteria, 11 articles [9, 10, [12] [13] [14] [15] [16] [17] [18] [19] [20] remained for the anal-ysis ( fig. 1 ), including 8 (73%) cross-sectional studies [9, 10, [13] [14] [15] [16] 18 ] , 2 (18%) exercise trials [17, 19] and 1 (9%) longitudinal study [12] . Studies defined various research goals with respect to gait and frailty ( table 1 ). In 55% (n = 6) of the studies [9, 13-15, 19, 20] , older adults were classified as 'transitioning to frailty' based on the criteria of Speechley and Tinetti [21] . Three articles (27%) [10, 12, 18] used the established CHS frailty index [1] , two of which [10, 18] subdivided individuals into groups of nonfrail, prefrail, and frail. One of them [10] used a modified CHS frailty index (without gait speed) and the Study of Osteoporotic Fractures Index [22] in addition to the CHS frailty index. Another study (9%) [17] defined frailty by using the physical performance test [23] . Finally, one of the selected studies (9%) [16] used a modified version of the physical performance test for defining frailty.
Sample sizes ranged from 16 to 631, and 3 studies divided their samples into subgroups according to frailty status [10, 16, 18] . Frailty subgroups were small, particularly for those subgroups with the highest degree of frailty (n = 13-20). Participants' mean age ranged from 72.2 to 83.6 years. Inclusion criteria differed between studies. Some authors only included individuals with a history of falls [9, 19, 20] , whereas others specifically excluded fallers [13] [14] [15] . Several studies excluded individuals with cognitive impairment [9, [13] [14] [15] 18] . Some authors specified exclusion criteria such as depressive symptoms or major orthopedic diagnosis [9, [13] [14] [15] 19 ] whereas others only defined a physical performance test cut-off value <17 as exclusion criteria [16, 17] . Table 2 summarizes the gait protocols used in the selected studies. The instruments most commonly used were electronic walkways (n = 3) [10, 12, 18] , camera systems (n = 3) [9, 14, 15] , or force plates (n = 3) [9, 19, 20] . Walking distance differed substantially across stud- n/a n/a n/a accel.
Protocols Used for Gait Assessment
accel.
Number of trials (speed)
n/a 3 left leg 3 right leg (usual) 6 forward 6 lateral (n/a)
Walking aid allowed n/a n/a n/a no no no n/a n/a n/a n/a no ies (range 4.3-20.0 m) and was not specified in some articles [16, 17] . Some authors measured steady-state walking [10, 12, 13] , whereas others did not exclude acceleration and deceleration phases [14, 15] , or did not specify these variables [9, [16] [17] [18] . Several studies [9, 10, 12, [16] [17] [18] [19] did not specify if a walking aid was allowed during assessment. The number of walking trials ranged between 1 and 6 across studies and was not specified in one paper [18] . All gait tests were done during overground walking.
Gait parameters reported

Gait Variables Reported
Some authors only reported a single parameter such as stride time [13] or speed [12] , whereas others reported a number of variables [9, 10, [16] [17] [18] ( table 2 ) . The most frequently reported parameters were speed (n = 6) [9, 10, 12, [16] [17] [18] , cadence (n = 5) [9, 10, [16] [17] [18] and stride length (n = 4) [9, 10, 16, 17] . Only two studies reported on gait variability by calculating the coefficient of variation [10, 13] .
Gait Characteristics in Individuals with Different Frailty Statuses
Comparisons for Mean Parameters Table 3 summarizes selected gait parameters in each frailty subgroup which were comparable between studies. Results suggest that transitionally frail individuals [9, 13] have reduced speed, cadence, stride length, and increased stride time, double support (as percentage of gait cycle), and stride time variability as compared to nonfrail individuals [10, 18] . Additionally, high variability between repeated walking trials (between-trials standard deviation) is evident and has been discussed as a specific sign of frailty onset [9] . Two studies [19, 20] reported that anticipatory postural adjustments during gait initiation were smaller and less forceful in transitionally frail elderly, as compared to healthy older adults as reported in the previous literature [24] .
Effect sizes for discriminating between frailty status groups were estimated for three studies [10, 16, 18] and results are summarized in table 3 . Estimated effect sizes varied across studies, gait parameters and protocol (habitual vs. fast walking). Out of two studies [10, 18] that compared gait parameters between nonfrail and prefrail, the effect size was significant only for the study of Montero-Odasso et al. [10] , in particular for gait speed (d = 1.55 for habitual and d = 1.26 for fast-walking trial) and cadence (d = 1.43 for habitual and d = 0.81 for fast-walking trial). While comparing between nonfrail and frail groups, the effect size for both studies were significant, in particular for gait speed (d ≥ 2.46) and stride time (d ≥ 1.58). On the same note, effect size was significant for both studies for discriminating between prefrail and frail groups with more pronounced discrimination power for gait speed (d ≥ 0.76), step length (d = 1.32), and double support (d = 0.78).
Comparisons for Variability Parameters Montero-Odasso et al. [10] compared gait variability between different frailty statuses. Specifically, the variability for stride time, stride length, step width, and double support were measured during both fast and habitual speed conditions. Among tested parameters during habitual speed, step width variability in the prefrail group was significantly increased compared to nonfrail persons ( table 3 ) . During the fast-walking condition, except for double support, all other gait variability parameters were significantly different between prefrail and nonfrail groups ( table 3 ). None of tested parameters were significantly different between prefrail and frail groups. Interestingly, the authors reported that stride time variability under the fast-walking condition is the most prominent parameter associated with frailty stage in a multivariable linear regression model. Furthermore, by excluding speed criteria from frailty definition, they still found gait variability as a discriminator parameter for frailty stage identification.
Dual-Task Gait Assessment and Frailty
Two studies [13, 14] demonstrated that gait in individuals transitioning to frailty was more affected by dual arithmetic tasks (counting backwards) as compared to verbal fluency tasks (enumerating animal names). Whereas some gait characteristics were affected by both tasks (stride time, walking time, step number), others (stride time variability, lateral gait instability) were influenced by the arithmetic task only. Results suggest that an additional arithmetic task might be more sensitive to detect attention-related deficits during frailty onset, potentially due to a higher attentional load and/or more competitive interaction with executive functions [13, 14] . As a limitation, neither study compared dual-task-related gait changes of transitional frail older adults with nonfrail controls. Thus, it remains unclear which dual-task gait parameters are most responsive for identifying early signs of frailty.
Beauchet et al. [15] examined the relationship between intrinsic falls risk factors (age >85, polypharmacy, psychoactive drugs, poor vision, abnormal mobility, cognitive impairment) and dual-task-related gait chang- Step width as calculated as the distance from the midpoint of the footstep in front to the midline midpoint of the trailing footstep on the opposite foot.
es in individuals transitioning to frailty. Dual-task-related gait changes were related to polypharmacy and impaired mobility, which were discussed as surrogate markers for multimorbidity. The authors concluded that with the cumulative damage of multimorbidity, walking requires more attentional resources in order to compensate for the decline in sensorimotor systems and cognitive processes. This in turn leads to higher dualtask gait deficits which may then be potential markers of frailty. Verghese et al. [12] also explored gait characteristics under dual-task condition for prediction of frailty. Participants walked on an electronic walkway while reciting alternate letters of the alphabet. Additionally, single-task walking speed and functional performances (Short Physical Performance Battery [25] ) were assessed. After 32 months' follow-up, 218 individuals out of 473 recruited nonfrail participants (46%) developed frailty. Dual-task speed was identified as a better predictor of prospective frailty development than the Short Physical Performance Battery (hazard ratios = 1.28 for dual-task speed version 1.19 for Short Physical Performance Battery).
Discussion
The small number of studies included in this review indicates that research on gait characteristics in individuals with confirmed frailty status is limited. A number of studies were excluded because they did not provide a definition of frailty. Others were excluded because they used a semi-objective approach for gait assessment (stopwatch), which does not provide spatiotemporal gait parameters beyond speed and is observerdependent. The eleven included articles used different frailty definitions which limits comparison among these studies. For example, individuals defined as 'frail' by using the criteria of Reuben and Siu [23] had a higher walking speed (103 cm/s [17] ) compared to individuals defined as 'frail' by the CHS criteria (80 cm/s) [10] . In addition, important confounders related to gait protocols which may influence outcomes such as walking distance [7] , distance to achieve steady-state walking [26] , and use of walking aids [27] , were not controlled or were different across studies, indicating the lack of standardization of gait protocol for assessing frailty. Due to the limitations described above, we did not conduct a meta-analysis.
Which Gait Parameters May Be the Most Useful for Identifying Frailty?
Despite the methodological differences among reviewed research, this systematic review demonstrates that gait performance declines with progression of frailty as reflected by a number of spatiotemporal parameters. Gait speed showed high effect size for discriminating between frailty status groups, indicating that this parameter plays a key role for defining the level of frailty. These results are in line with a number of studies which have identified reduced gait speed as a predictor for adverse health events [4] [5] [6] . However, slow gait is a nonspecific variable, which is also linked to aging and other aging-related gait disorders. Assessment of gait speed does not, in and of itself, provide insight into the specific gait pattern, which in turn may limit the sensitivity and specificity of discrimination between different frailty statuses.
In this review we identified several gait parameters beyond speed, which may help to indicate the level of frailty. Estimating effect size from the reviewed studies suggests that reduced cadence has relatively high power to discriminate between nonfrail and prefrail and, thus, may be a sensitive parameter for early diagnosis of the frailty syndrome. On the other hand, progression of frailty (from prefrail to frail categorical status) may be strongly associated with reduced step length, while cadence is less affected. This may indicate that prefrailty is predominantly linked to deterioration in temporal parameters, whereas progression of frailty is linked with deterioration of spatial parameters of gait. Spatial parameters deterioration (e.g. reduced step length) may be due to declines in lower extremity strength and/or power as related to sarcopenia. Previous research has shown that reduced plantar flexor power is associated with reduced step length in healthy individuals [28] . Further studies may explore this potential association in frail individuals for identifying diagnostic and interventive approaches for maintaining spatial parameters such as appropriate training of plantar flexor muscles. Despite physiological changes, reduced spatial parameters are also characteristic of 'cautious gait' which is interpreted as an attempt to reduce the balancecontrol challenge during walking, for instance due to fear of falling [29] .
In addition to mean gait parameters, gait variability parameters may also be indicators of specific frailty status [10] . Specifically, step width variability has been shown to be increased in prefrail compared to nonfrail individuals. Previous studies have also demonstrated the association between increased step width variability and impaired balance control and falls [30, 31] , indicating the importance of this variable for assessing risk of falling in prefrail groups. Results of this review also highlight the potential benefit of gait initiation assessment for identifying early frailty, although no study has yet compared this specific phase of gait between differing frailty categories.
Interestingly, no association between age and gait performance has been reported in transitionally frail older adults [9] , likely due to the wide heterogeneity of aged adults. In contrast, symptoms of frailty such as exhaustion and decreased physical activity are independently associated with reduced gait performance [10] . These findings support the idea that gait characteristics represent a cumulative measure of frailty and reflect a decline in multiple physiological systems indicating increased vulnerability to stressors, with associated adverse outcomes.
Which Gait Protocols May Be the Most Appropriate for Identification of Frailty?
The current standard for identification of frailty is assessing gait at habitual speed [1] . However, a self-selected pace may not sufficiently stress individuals with a lower physiological reserve. Results of this review indicate that future studies should also include a highly demanding task such as walking with maximum speed [10, 16] or adding a cognitive distractor [12] [13] [14] [15] , which may improve effect size and facilitate discrimination between frailty categories. The additional effort needed for fastpaced walking allows differences in function to emerge, and might thus be a more specific measure to identify increased vulnerability [10] .
Notably, double support emerged as the parameter with the highest effect size to discriminate between prefrail and frail during fast walking. Increasing double support time is an attempt to minimize postural instability and indicates deficits in balance control [32] . It may be best detected under challenging walking conditions in people with frailty. On the same note, a frailtyrelated increase in stride time variability is better detected during fast walking [10] . Increased stride time variability may indicate disturbances of the automatic stepping mechanism due to impaired ability to adapt to physiologic stress (fast walking), indicating a frailty-related loss of complexity [10] .
Not only a motor demanding task, but also a cognitively demanding task might be useful for stressing individuals, and be particularly sensitive in identifying those who are high functioning but who may be at risk of developing frailty [12] . Frailty-related dual-task deficits might be due to declines in sensorimotor systems [15] or subtly impaired cognitive functions, although cognitive impairment is a controversially discussed sign of the frailty phenotype [33] . Similar to single-task gait changes, dual-task gait changes were independent of age in individuals transitioning to frailty.
Future Research Direction
Currently, no clinimetrically sensitive technology exists for use within routine clinical care that would objectively quantify relevant gait parameters for indicating frailty status. Only one study included in this review used body-worn sensor technology for assessing gait [13] , despite such technology representing a cost-effective and practical method for studying gait in both free-living environments such as the home or clinic, and the research environment. The use of body-worn sensors in frailty research may enable objective gait assessment for identifying frailty.
Only one study explored the predictive value of gait speed for prospective frailty status change. Future longitudinal studies are recommended to explore whether other gait parameters under differing conditions (e.g. dual task, fast walking, etc.) might enhance the power for prediction of prospective frailty development in older adults.
Furthermore, to date, only limited numbers of gait parameters have been compared across frailty categories, enabling better understanding of these categorical relationships. Some gait parameters may have a better association with frailty phenotype. For instance, stance time variability has been reported as useful in identifying older adults who are at risk for future disability development [34] , and thus may be also associated with the frailty phenotype.
None of the reviewed studies addressed reliability of gait assessment for identification of frailty status. Thus, future studies should be conducted to explore whether gait variables are sufficiently reliable for frailty identification and sensitive to change over time. On the same note, new studies should address reliability of gait measurement in frail individuals under different gait conditions to standardize the protocol of gait assessment in frail people. For example, distance for assessing gait variability (6 m) might have been too short in existing studies [10] , affecting reliability. Recent studies in older adults without confirmed frailty, suggest that at least 20 m distance [7] or at least 12 continuous steps [35] are required for a reliable measure of gait variability. If possible, gait assessment without a walking aid is recommended to better identify gait deficits [27] . If using gait accessories during gait measurement is required, results need to be adjusted to ensure a fair comparison between subjects. None of the reviewed studies reported any adverse events due to objective gait analysis in frail subjects, which suggests it is safely performed in this population.
Limitations
A meta-analysis was not conducted given the small number of studies and the limited standardization of methods. Thus, this paper does not provide reference values for frailty-related gait changes. However, we highlight specific gait parameters and protocols, which should be evaluated in future large-scale studies aiming to improve frailty screening, diagnosis, and management.
Conclusion
This review provides evidence that selected gait variables, beyond speed alone, are linked to specific stages of frailty. Both mean and variability gait parameters should be incorporated when assessing the frailty syndrome.
Furthermore, it is recommended that gait be assessed during single task as well as under conditions that amplify individual physiological limits, such as fast-walking and dual-task conditions. Further studies are required to standardize the protocol of gait assessment in frail individuals as well as to identify the predictive value of gait assessment for prospective frailty development.
